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Trajectory, Development, and Temperature of Spark
Kernels Exiting into Quiescent Air

David L. Blunck!
Purdue University, West Lafayette, IN, 47907

Barry V. Kiel?
Air Force Research Laboratory, Dayton, OH, 45433

Measurements of the trajectory, spatial development, and temperature of spark kernels
are needed for understanding the ignition process in spark ignition and gas turbine engines.
Motivated by this, an infrared camera was used to obtain spectrally and path integrated
radiation intensity measurements of spark kernels exiting into quiescent air. An inverse
deconvolution technique was developed to determine the temperature and sensible energy of
the kernels. This technique is evaluated by a sensitivity analysis and comparisons to
measurements on a well characterized flame. Infrared images show that the kernels develop
into a toroidal shape after exiting from the igniter. The statistical distribution of the
trajectory of spark kernels is symmetric. Buoyancy forces have a negligible effect on the
trajectory. Regions of high and low radiation intensity are observed in the kernels,
indicating temperature gradients within the gases. The radiation intensity emitted by spark
kernels decreases by more than an order of magnitude after exiting the igniter. Average
temperature values decrease by less than 30% over 2 cm of the spark trajectory. Over that
distance the sensible energy of the kernel decreases by 80%.

I. Introduction

I nfrared radiation intensity measurements were obtained of spark kernels exiting from a pulsed plasma jet igniter
into quiescent air. These measurements provide qualitative insights into the development of spark kernels and
quantitative values for the temperature and sensible energy of the heated gases. The motivation for this work is
twofold. First, lean combustion in spark ignition and gas turbine engines is desirable for improved efficiency and
decreased pollutant formation'®. Lean fuel conditions, however, can be more difficult to consistently ignite’.
Measurements of the spatial and temporal development of the temperature field within the kernel are needed for
understanding the ignition process near flammability limits. The second motivation for this work is to obtain scalar
data of spark kernels which can be used for validating numerical models. Ekici et al." noted that limited scalar data
is available.

In its simplest description, a spark is an electrical discharge in which a portion of the energy is transferred to
plasma and the surrounding fluid and the remaining portion is lost to the electrodes. The spark event is often
classified as the prebreakdown, breakdown, arc, and glow phases. The former three phases cumulatively last on the
order of microseconds, while the glow phase can last on the order of milliseconds®. Standard ignition systems
typically deliver 30 to 50 mJ of energy to the spark®. Measurements of the energy delivered by sparks typically have
been obtained by measuring pressure changes in a calorimeter®*2.

Ignition of a flammable mixture occurs when the chemical reactions become self sustaining, typically some time
after the spark event. Zhang et al. reported that several milliseconds elapsed between when the spark kernel was no
longer luminous and when combustion was detected13. Naegeli and Dodge noted that visible radiation from a flame
kernel was detected 8 to 13 milliseconds after the spark in a gas turbine combustor®. Maly noted that CN  radicals
are evide?t soon after the spark (order of nanoseconds), but OH and CO molecules occur about 10 milliseconds after
the spark’.

! Graduate Research Assistant, School of Mechanical Engineering, 500 Allison Road, AIAA Member
2 Senior Mechanical Engineer, Combustion Branch, Air Force Research Laboratory, and Senior AIAA Member.
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The kernel which results from the spark expands and mixes with the surrounding gases****. Both the temperature
and size of the kernel affect whether ignition occurs. Temperature measurements reported for spark kernels
typically have been found using interferogram measurements of a known light source®*®*’, although these have been
limited. Reinmann and Akram reported temperature values of 30,000 and 23,000 K, 1 and 5 microseconds
(respectively) after the spark®. Topham et al. reported that the temperature of kernels exiting from a pulsed plasma
igniter with a stored energy of 4.8 J were 400 to 20 K above the ambient temperature 0.2 to 7 milliseconds
(respectively) after the spark. The temperatures decreased to values of 40 to 10 K above ambient 2 to 9 ms after the
spark when 0.98 J was delivered to the igniter'®. Laser-schlieren visualization and Rayleigh laser light scattering
have been used to determine the size and development of spark kernels*****¢. The critical spark radius (i.e. the
maximum detectable radius which the kernel will expand without ignition) is typically on the order of 0.5 cm*.

Given the importance of understanding the temporal and spatial development of a spark and the limited scalar
data which is available, the objectives of this work are as follows:

1) Obtain infrared images of the temporal and spatial development of spark kernels.

2) Measure the magnitude and decay of the radiation intensity emitted by the kernel gases.
3) Determine the mean temperature within the kernel.

4)  Determine the sensible energy of the kernel gases.

1. Experimental Approach

A. Spark Generation

Spark kernels were generated using a pulsed plasma jet igniter. This type of igniter has received considerable
interest, 0111819 Jargely because of improved ignition of lean mixtures. This results from the spark kernel exiting
the igniter as a small jet, which increases the penetration of the plasma and hot gases and improves the turbulent
mixing™®. In pulsed plasma jet igniters the spark is generated in a cavity'®. As the spark develops the temperature
rises quickly, causing a sharp increase in the pressure within the cavity. The large pressure gradient causes a
spherical shock wave to form at the cavity exit and the plasma is ejected as a supersonic jet. The plasma jet rapidly
mixes with the surroundings and cools. Within approximately five microseconds, the temperature of the plasma
drops sufficiently so it is no longer luminous'®. As the jet of heated gases slows, it develops into a small turbulent
element or “puff”. The kernel continues to mix with the surrounding air, causing the kernel temperatures to return to
ambient values. A thorough discussion of the aerodynamics of spark kernels exiting from plasma jet igniters has
been reported by Topham et al.*.

B. Radiation Intensity Measurements

Figure 1 illustrates the experimental arrangement used for acquiring the radiation intensity measurements. An
infrared camera lens was positioned 29.5 cm away from the center of the igniter. At this distance the spatial
resolution of each pixel was 0.16 mm? at the center of the igniter. A polished stainless steel mirror was placed
behind the igniter to enable simultaneous visualization of top and side views of the spark kernels. Shields were
placed on two sides of the igniter to minimize disturbances from the surrounding air. Sparks were generated at 45
Hz. The sampling frequency of the camera was set to 1260 Hz, although the actual sampling frequency varied due to
limitations in transferring the data from the camera to the computer. Differences between the sampling and sparking
frequencies allowed measurements to be acquired of kernels at various heights above the igniter.

Measurements were acquired with the detector integration time set to 0.03 and 0.4 ms. The former setting was
used for quantitative measurements while the latter setting was used for qualitative visualization for reasons to be
discussed. A heated plate was placed behind the igniter when an integration time of 0.03 ms was used (qualitative
measurements) to ensure that the response of the focal plane array was linear for the measurements from the side.
The intensity of the spark kernel was determined by subtracting the average measured intensity of the heated plates
from the measurements with both the kernel and the heated plate. An integration time of 0.4 ms was used to increase
the sensitivity of the camera. Kernel images farther above the igniter could be visualized with this setting than those
acquired with an integration time of 0.03 ms, as a result of the increased sensitivity. Images acquired with the
integration time of 0.4 ms are qualitative because of spatial blurring.

In the measurements where the kernel was observed exited the igniter the camera focal plane array was typically
saturated by the radiation emitted from the kernel. It is plausible that the high levels of radiation are in part emitted
from plasma in the flow. Reducing the integration time of the camera below 0.03 ms failed to eliminate detector
saturation. Images where saturation of the detector occurred where not processed to avoid biasing the results.
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The camera was calibrated using a blackbody source. Photon counts reported by the camera were correlated to
the known radiation intensity emitted by the blackbody. The camera focal plane array responds linearly to increases
in intensity. The intensity which could be detected above the camera noise is 0.1 W/m?-sr.

The camera measures the spectrally integrated radiation intensity,

I, =Lj” AR )

ay, is the spectral absorption coefficient which accounts for variations in the spectral response of the camera, and
losses through the camera optics. A; and A, are the spectral range of the camera, 3-5 um. Within this spectral range
the camera detects primarily radiation emitted by carbon dioxide (CO,) and water vapor (H,O) in the air. The
subscript AX is used to differentiate from the total intensity (I) which is obtained by integrating over all wavelengths.
The spectral intensity (I,) emitted by the kernels can be described by solving the radiation transfer equation for a
homogenous non-scattering medium?,

L, =1,0)e™ + [ 1, (z)e " dz; )
0

where 1, is the optical thickness defined as,
r,=[ s - 3)

Ky, is the linear absorption coefficient and s is the path length through the radiating medium. 1, is the blackbody
spectral intensity described by the Planck distribution?".

B. Temperature and Delivered Energy Values

An inverse deconvolution technique was implemented to estimate the temperature and sensible energy of the
kernels. Similar approaches have been used to estimate water vapor concentrations in a hydrogen flame, determine
integral time and length scales in turbulent flames, and scalar concentrations in a pool fire?* %,

The kernel was divided into a series of disks with a known diameter (d), as illustrated in Figure 2. The edge of
the kernel was defined as the location where the intensity equaled twice the noise level of the detector (0.2 W/m?-sr).
Geometric relationships were used to determine the corresponding path lengths (s;) through the kernel. Carbon
dioxide and water vapor concentrations were assumed to be atmospheric values. The following procedure was
implemented to estimate the temperature within the kernels using the path lengths and species concentrations:

1) A temperature was guessed for a line of sight path through the kernel.

2) The spectral intensity was calculated by solving the radiation transfer equation (Eqg. (2)) using a narrowband
radiation model (RADCAL®). The path length, guessed temperature, and atmospheric carbon dioxide and
water vapor mole fractions were inputs to the model.

3) The spectral intensity was multiplied by the absorption coefficient and spectrally integrated ((Eg. (1)) to
determine the intensity.

4) The calculated and measured intensity were compared, the guessed temperature was updated, and steps (1) —
(3) were repeated until the intensity values converged.

5) Temperatures for neighboring lines of sight were calculated using steps (1) — (4) for all radial locations at that
height above the igniter.

6) Steps (1) — (5) were repeated at each height until values were found for the entire domain.

This approach provides path integrated temperature values. Infrared images indicate that the spark develops into a
ring with high radiation intensity toward the outer edges. Theoretically the thickness of the ring could be estimated
from the top view of the kernels and used in conjunction with the spatial deconvolution. The high radiation intensity
being emitted by the igniter, however, limited the ability to accurately determine the ring thickness. The sensitivity
of the deconvoluted temperature to changes in the path length, such as developing into rings, is reported in the next
section.

The sensible energy of the kernel (U) was estimated by summing the sensible energy along each line of sight (i),
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N
o)
U=)> shw—C (T,-T,) . (4)
; RT,

h; and w; are the height of each disk and the distance between lines of sight respectively. The sensible energy of the
kernels reduces downstream due to mixing with the surrounding air. The total sensible energy of the spark and that
transferred to the surroundings (which is conserved) is not captured in the measurements due to the detection limits
of the camera.

Over 600 kernel images were acquired and used for determining the average temperature, sensible energy, and
trajectory. Only values at axial and radial locations where radiation from the kernel was detected at least 30 times
are reported to allow for a sufficient sample size. Atmospheric values are reported at the other locations. Average
values are reported 0.75 cm above the igniter and beyond. Between the igniter exit and 0.75 cm downstream,
saturation of the camera focal plane array was observed in some of the images. Images where saturation of the
detector occurred were neglected to avoid biasing the results. The average sensible energy of the sparks is reported
at 0.25 cm increments downstream of the igniter. The value at each axial location is the average sensible energy of
the sparks whose centers are within a 0.25 cm region.

C. Evaluation of Technique

The average percent change in the deconvoluted temperature and sensible energy due to variations in the
deconvolution parameters are reported in Figures 3 and 4 respectfully. Changes in the measured intensity, path
length through the kernel, and carbon dioxide and water vapor mole fractions were assessed for two kernel images.
The average temperature changes by less than 25% for up to a 60% variation in the measured intensity and radiating
species mole fractions. Changes in the temperature due to variations in the path length are similar to changes in the
carbon dioxide mole fraction (less than 20% error) for a -40% to 60% change in the deconvolution parameter. A
60% reduction in the path lengths through the kernels results in a 90% increase in the temperature. The sensible
energy changes by less than 20% for up to a 60% variation in the measured intensity and radiating species mole
fractions. The sensible energy is less susceptible to changes in the intensity and radiation species concentrations
because of the inverse dependence of sensible energy on the kernel temperature (Eq. 4). The average sensible energy
changes by less than 65% for a 60% error in the path lengths. It is noted that the percent change in the sensible
energy is opposite in sign than the percent change in temperature for equivalence changes in path lengths. This
results from the linear dependence of sensible energy on the path length and inverse dependence on kernel
temperature.

The deconvolution technique was used to determine the temperature of a partially premixed hydrogen flame
anchored to a Hencken burner. This flame has been well characterized by CARS measurements®®%’. A temperature
profile”® was assumed toward the edges of the flame in the deconvolution technique. Figure 5 reports the
comparison between the CARS and deconvoluted peak temperature values. The deconvoluted temperatures agree
with measured values?®?" within 15%. The deconvolution approach captures the increase in temperature for an
increase in equivalence ratio. For all equivalence ratios the deconvoluted temperatures are underestimated. It is
suspected that is caused by differences between the physical and modeled spectral absorption, and uncertainties in
the radiation intensity measurements and narrowband radiation model.

The time resolved deconvoluted temperature values reported in this work are normalized by a representative
temperature (near igniter exit) found using backward oriented schlieren (Tgos). This allowed for further evaluation
of the deconvolution technique. The backward oriented schlieren temperatures were found for kernels exiting from
the same igniter into quiescent air.

I11. Results and Discussion

A. Infrared Images

Simultaneous top and side view images of spark kernels are shown in Fig. 6. Images were taken using an
integration time of 0.4 ms to allow for qualitative visualization. The time between consecutive images is
approximately 0.8 ms. The brightest colors are the regions of highest radiation intensity. The first image in Fig. 6 is
of a kernel just after exiting the igniter. By the second image the kernel transitions into a high intensity ring shape,
as evident from the top view. The formation of the kernel into a ring has been noted for typical spark systems* (i.e.
without a cavity) and for pulsed plasma torches?. The development of the kernels into rings when exiting from this
igniter is noteworthy considering that some models™ have assumed the kernel is spherical. It is theorized that a
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toroidal vortex forms as the heated gas and plasma eject from the igniter cavity. The vortex entrains fluid into the
center of the kernel which decreases the temperature and subsequently the radiation intensity.

Side view images of the kernel show a region with higher intensity followed by a tail with lower intensity.
These are similar to shadowgraph images reported by Borghese et al.”®. The size of the kernel in the infrared images
decays downstream as the kernel mixes with the surrounding air.

Images were taken with the igniter positioned parallel to the horizon with the camera facing the igniter cavity to
assess the importance of buoyancy forces. The spark kernels did not consistently rise with respect to the horizon, as
would be expected if buoyancy forces were significant. This indicates that kernels exiting from this type of igniter
are momentum dominated within the time span (order of ms) that images were acquired. This is in agreement with
the work reported by Topham et al.*®.

C. Time Resolved Values

Time resolved radiation intensity measurements of three representative sparks are reported in Fig. 7. The
detector integration time was set to 0.03 ms to eliminate spatial blurring and provide quantitative values.
Measurements of the kernel just above and downstream of the igniter are superposed for comparison. In the vicinity
of the igniter (e.g. z = 0.75 cm) the kernels are nearly spherical in shape from the side view. The kernel diameters
are greater than 1 cm based on the infrared images. Peak intensity values between 7 and 10 W/m?-sr are observed,
at least an order of magnitude smaller than the intensity emitted by the kernels as they exit the igniter. Recall that the
camera focal plane array is typically saturated (at 285 W/m?-sr) in the images where the kernels exit the igniter. The
intensity observed in Fig. 7 varies spatially within the kernels indicating temperature variations. The small regions
of high intensity observed both in and outside of the kernels are radiation emitted by material ablating off from the
igniter. The deconvoluted temperature values which were above 2400 K in these regions were neglected when
averaging.

The size of the kernels and the radiation intensity emitted by them decays rapidly downstream of the igniter.
Between 2 and 2.5 cm downstream the peak intensity in the images reduces by approximately a factor of 3 to values
between 2 and 3 W/m?-sr. Regions of higher and lower radiation intensity remain evident. Both the radius and
height of the kernel reduce such that the kernel becomes approximately oval in shape. Mixing of the kernel with the
surrounding air causes the reduction in size.

Figure 8 presents the path integrated temperatures values corresponding to the intensity measurements reported
in Fig. 7. Values are normalized with respect to a typical value obtained using backward oriented schlieren. Between
0.5 and 1.5 cm downstream the kernel temperatures are nearly within 30% of the backward oriented schlieren value.
Peak temperature values generally occur in the regions where the highest radiation intensity is observed, as would be
expected. In some instances higher temperatures are observed toward the edges of the kernels. This is an artifact of
determining the path lengths through the kernel by dividing the domain into a series of disks. Path lengths are
shorter at the edges of the disk, resulting in higher temperatures for equivalent intensity values.

D. Mean Values

The average radiation intensity of the spark kernels between 0.75 and 3.25 cm above the igniter is reported in
Fig. 9. The peak average intensities decay from near 3.5, to 1.5 W/m?-sr between 1 and 2 cm above the igniter. At 3
cm above the igniter the average intensity is negligible. Near 1.5 cm above the igniter, the centerline intensity is
lower than radial locations in the immediate vicinity (e.g. r = +/-0.3 cm). This is attributed to the ring shape of the
kernel. Peak radiation intensity values occur toward the edges of the high temperature gaseous rings; the path length
through the medium is the longest in this region. This is the reason that higher intensities have been observed off the
flame centerline of a laminar diffusion flame®. In this flame a ring of hot exhaust products surrounds the cooler fuel
jet.

Figure 10 presents the statistical distribution of the kernel trajectories. The number of times radiation from a
kernel was detected (above the camera noise) at a location is normalized by the total number of kernel images.
Kernels were detected approximately 70% of the time between 0.75 and 1.25 cm above the igniter and for radii
within 0.3 cm of the centerline. Above this region, kernels were observed less frequently. At 2 cm above the igniter
and beyond, kernels were detected less than 30% of the time. This reduction occurs primarily because the kernels
decrease in size downstream in the infrared images. Kernels were detected at radial locations 0.75 cm away from the
centerline 10% of the time (e.g. z = 1.5 cm). This indicates that the trajectory of a fraction of the kernels is away
from the centerline.

The normalized average spark kernel temperatures are reported in Fig. 11. Values are found from the time
resolved images, and are normalized by the peak temperature at 0.75 cm downstream to illustrate the decay in the
temperature. The average temperature decays by less than 30% at nearly all locations where radiation from the spark
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is detected. The relative reduction in temperature is smaller than the reduction in the intensity values (Fig. 9) due to
the nonlinear dependence of radiation intensity on the temperature. It is noted that the highest normalized
temperatures occur near radial locations corresponding to 0.5 cm away from the centerline. This results from the
path averaging nature of the approach. The temperature in the center of the rings is cooler than toward the outer
edges.

Figure 12 presents the normalized average sensible energy of the kernels. The energy decays in a linear manner
(R?=0.98). Between 0.75 and 2.5 cm above the igniter, 80% of the sensible kernel energy is dissipated to the
surroundings based on the detected radiation intensity. This results from mixing of the kernel with the surrounding
air.

IV. Summary and Conclusions

In this work the radiation intensity emitted from spark kernels exiting from a pulsed plasma jet igniter was
measured using an infrared camera. The trajectory and spatial development of the kernels were assessed from the
images. An inverse deconvolution technique was developed to determine path integrated temperature values. The
deconvolution technique was evaluated using a sensitivity analysis and comparisons to measurements of a well
characterized flame. Sensible energy values are reported at varying axial locations based on the deconvoluted
temperatures.

The specific conclusions of this work are as follows:

1) Spark kernels exiting from pulsed plasma jet igniters develop into a toroidal shape downstream of the

igniter.

2) The trajectory of kernels varies between spark events. The statistical distribution of the spark trajectory is

symmetric when exiting into quiescent air.

3) The radiation intensity emitted by spark kernels decreases by more than an order of magnitude after exiting

the igniter. Variations in the intensity within a kernel indicate temperature variations.

4) Temperature values decreased by less than 30% within the region that radiation from kernels was detected.

5) The sensible energy of the kernels decays in a linear manner. In less than 2 cm the sensible energy decayed

by 80%.
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Figure 1. Experimental arrangement for obtaining
radiation intensity measurements of spark kernels.
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Figure 2. Schematic of deconvolution approach
used for inverse calculations.
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Figure 3. Percent change in the average
deconvoluted temperature with respect to changes
in deconvolution parameters.

8
Approved for public release; distribution unlimited



60 T T T T T

40

—#— path length
—o— intensity

—v— CO2 mole fraction
—— H20 mole fraction

80 60 -40 -20 O 20 40 60 80
Percent Change in Deconvolution Value, (%)

Percent Change in Sensible Energy, (%)
o

Figure 4. Percent change in the average
deconvoluted sensible energy with respect to
changes in deconvolution parameters.
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Figure 5. Deconvoluted and measured temperature
values of partially premixed hydrogen flames
anchored to a Hencken burner.
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Figure 6. Simultaneous infrared images of top and
side views a spark kernel at varying heights above
the igniter. The time between the images is 0.8 ms.
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Figure 7. Time resolved radiation intensity measurements of spark kernels.
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Figure 8. Time resolved deconvoluted temperature values of spark kernels
normalized by a typical value obtained using backward oriented schlieren (Tgos).
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Figure 9. Mean radiation intensity emitted
from spark kernels.
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Figure 10. Spatial distribution of spark kernel trajectories.
The number of times radiation from a kernel is detected at
a location is normalized by the number of kernel images.

11
Approved for public release; distribution unlimited



3.0

N
3]

Height above Igniter, z, (cm)
[\*)
o

=
3]

1.0

-1.0 -0.5 0.0 0.5 1.0
Radius, r, (cm)

Figure 11. Normalized average temperature of spark
kernels.
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Figure 12. Average sensible energy of spark kernels normalized
by the average value near 0.9 cm above the burner.
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